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ABSTRACT
Combining Chandra, ALMA, EVLA, and Hubble Space Telescope archival data and newly acquired

APO/DIS spectroscopy, we detect a double-lobed 17 kpc X-ray emission with plumes oriented approximately
perpendicular and parallel to the galactic plane of the massive lenticular galaxy NGC 5084 at 0.3–2.0 keV. We
detect a highly inclined (i = 71.2+1.8◦

−1.7 ), molecular circumnuclear disk (D = 304+10
−11 pc) in the core of the

galaxy rotating (V(2−1)CO
rot = 242.7+9.6

−6.4 km s−1) in a direction perpendicular to that of the galactic disk, imply-

ing a total mass of log10
(

MBH

M⊙

)
= 7.66+0.21

−0.15 for NGC 5084’s supermassive black hole. Archival EVLA radio
observations at 6 cm and 20 cm reveal two symmetric radio lobes aligned with the galactic plane, extending to
a distance of R = 4.6 ± 0.6 kpc from the core, oriented with the polar axis of the circumnuclear disk. The
spectral energy distribution lacks strong emission lines in the optical range. Three formation scenarios are con-
sidered to explain these multi-wavelength archival observations: 1) AGN re-orientation caused by accretion of
surrounding material, 2) AGN-driven hot gas outflow directed along the galactic minor axis, or 3) a starburst /
supernovae driven outflow at the core of the galaxy. This discovery is enabled by new imaging analysis tools
including SAUNAS (Selective Amplification of Ultra Noisy Astronomical Signal), demonstrating the abundance
of information still to be exploited in the vast and growing astronomical archives.

1. INTRODUCTION

Observational evidence suggests that supermassive black
holes (SMBHs; MBH = 106−9.5) are present at the core of
most massive galaxies (Kormendy & Ho 2013). The accre-
tion of material by SMBHs has been observed to be tightly
connected with the evolution of the entire galaxy, enabling
periods of nuclear activity in which the total luminosity of
the galaxy is enhanced.

The main hypothesis of the unified scheme of active
galactic nuclei (AGNs) is that the broad range of spectro-
photometric properties is caused by the angle of inclination
between the observer and an obstructing circumnuclear disk
(Antonucci 1993; Urry & Padovani 1995). The circumnu-
clear disk is a dusty and molecular gas component of out-
flowing and inflowing material surrounding the AGN, the so-

∗ NASA Postdoctoral Program Fellow

called ‘torus’. According to this theory, when AGN’s are ob-
served at low inclination angles (i < 45–60◦, where i = 0◦

would be face-on, Marin 2014), broad optical and ultraviolet
(UV) spectral features (full width at half maximum; FWHM
≥ 1000 − 20, 000 km s−1) are expected, corresponding to
the Broad Line Region (BLR); a bright, non-stellar, central
compact source visible at all wave-lengths, and with low po-
larization degree (Type 1 AGNs, Netzer 2015). At higher
inclination angles, the BLR would be obscured by the torus
showing only the narrow line region emission (NLR, Type 2
AGNs). See Peterson (2006); Netzer (2015); Ramos Almeida
& Ricci (2017) for reviews in the field.

A large fraction of the total mass of SMBHs is thought to
have been accreted during the peak of quasar activity in the
early Universe (z = 2− 3, Boyle & Terlevich 1998; Delvec-
chio et al. 2014; Madau & Dickinson 2014). During that
period (z ∼ 2− 3), the star-formation rate (SFR) and SMBH
growth rate peaked and then decreased by a factor of ten from
z = 1 to the local Universe (Shankar et al. 2009). The ob-
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served decrease in SFR is coincident with one of the most
notable changes in the population of galaxies: the decline of
the population of spirals and the rise of lenticular galaxies in
the Local Universe (Dressler et al. 1997).

Lenticular galaxies seem to acquire their morphology by
moving along multiple evolutionary paths (accretion, merg-
ers, secular evolution, thermal stripping of the gas content
Laurikainen et al. 2010; Larson et al. 1980; Moore et al.
1996; Barway et al. 2009; Borlaff et al. 2014; Eliche-Moral
et al. 2018; Fraser-McKelvie et al. 2018). However, the iden-
tification of the formation mechanism for particular galax-
ies continues to be a difficult task. Observational works
have found signs of past (Machacek et al. 2010) and on-
going (Wang et al. 2019) accretion events in the extended
X-ray emission of lenticular galaxies, associated to the hot
gas phase of the ISM, as well as in their core morphology
(Jurávnová et al. 2019). In addition, multiple studies point to-
wards the action of supernovae feedback, AGN activity, and
their associated galactic winds as the cause for the soft X-ray
band emission.

In this paper, we present previously undetected features
likely related to the presence of an AGN in the edge-on
supermassive lenticular galaxy NGC 5084 (α = 200.◦0705,
δ = −21.◦8276 ICRS, D = 29.9 ± 2.1 Mpc, z = 0.005741,
6.90 arcsec kpc−1, Gottesman & Hawarden 1986; de Vau-
couleurs et al. 1991; Koribalski et al. 2004, Fig. 1) using op-
tical and near-infrared (NIR) Hubble, Chandra X-ray, EVLA
radio continuum, and ALMA observations. NGC 5084 is one
of the most massive lenticular galaxies in the Local Universe
(Ohlson et al. 2024), with a total dynamical mass of approx-
imately 1.3 × 1012 M⊙ (Koribalski et al. 2004) and a mass-
to-light ratio Υ ≥ 65. Several features of this galaxy make it
an interesting case study.

NGC 5084 hosts signs of past interactions which are visi-
ble in the outer regions of the galactic disk, such as a warped
disk at low surface brightness intensity levels (Zeilinger et al.
1990), potentially related to the population of satellite galax-
ies within its group (Carignan et al. 1997). NGC 5084 shows
an unusual ratio between the B-band optical radius R25 and
the KS-band effective radius Re. For this galaxy, R25 is 20
times larger than Re, in contrast to R25 = 3.6×Re, the nom-
inal average for spirals and S0s measured by Williams et al.
(2009). Zaw et al. (2019) classified NGC 5084 as an AGN
according to the Kewley et al. (2001) optical spectral line ra-
tio criteria, based on 6dF Galaxy Survey spectra (Jones et al.
2004, 2009), as did Irwin et al. (2019), based on its radio
emission (see Sec. 2.4). In addition, NGC 5084 is the host
of a large spheroidal bulge that generates an anti-truncated
surface brightness profile (Comerón et al. 2012), a potential
sign of past gravitational interactions, such as minor and ma-
jor mergers (Younger et al. 2007; Borlaff et al. 2014).

O’Sullivan et al. (2017) analyzed the Chandra X-ray ob-
servations using the Advanced CCD Imaging Spectrometer
(ACIS), concluding that the X-ray emission of NGC 5084

is primarily generated by the central core1. No further at-
tempt to deconvolve the Point Spread Function (PSF) or to
identify the source of the emission has been published until
now. NGC 5084 is a particularly interesting target to look for
evidence of past interactions with multi-wavelength (high-
resolution optical combined with wide FOV X-ray imaging)
archival observations from Chandra and Hubble, in addition
to millimeter (mm) and submm observations (ALMA) and
radio continuum observations (EVLA).

This project is the second publication in a series that will
study the hot gas halos around galaxies using X-ray obser-
vations from the Chandra X-ray observatory. The first pa-
per (Borlaff et al. 2024, SAUNAS I, hereafter) describes the
SAUNAS (Selective Amplification of Ultra Noisy Astronom-
ical Signal) pipeline to detect low surface brightness emis-
sion in Chandra/ACIS observations. See SAUNAS I for the
details and description of the X-ray image reduction method-
ology.

This paper is organized as follows. The datasets and
methodology pipeline is described in Sec. 2. The results are
presented in Sec. 3. The discussion and conclusions are pre-
sented in Sec. 4 and 5, respectively. All magnitudes are in the
AB system (Oke 1971) unless otherwise noted.

2. METHODS AND DATASETS

2.1. Chandra X-ray Observatory

Chandra/ACIS is particularly well-suited to detect hot gas
emission in galaxies, due to its high-sensitivity in the 0.3-2.0
keV range and the high spatial resolution that allows mask-
ing of contamination from point sources. Chandra/ACIS ob-
servations are reduced following the SAUNAS pipeline, a
methodology presented in SAUNAS I, which specializes in
the detection of low surface brightness emission from Chan-
dra/ACIS observations. SAUNAS comprises several steps
for calibration including: 1) standard pre-calibration using
CIAO, 2) automatic point spread function modeling and de-
convolution, 3) estimation of the uncertainties via bootstrap-
ping and Monte Carlo simulations, and 4) adaptive Voronoi
binning.

The two main products of SAUNAS are surface brightness
and signal-to-noise ratio maps, allowing the observer to iden-
tify potential sources and their extension up to a certain sta-
tistical limit. Since the objective is to identify the underlying
shape of the X-ray extended emission in NGC 5084, PSF de-
convolution is a particularly critical step. Borlaff et al. (2024)
provides a full description of the methodology.

A total of 9.92 ks of Chandra observations, using the
VFAINT mode, have been archived for NGC 5084 (ACIS-
I, Obs. ID:12173, PI: Stephen Murray; August 2011 under
Chandra Cycle 12, see Table 1). We analyze NGC 5084’s

1 From O’Sullivan et al. (2017), about NGC 5084: “show[ing] no evidence
of a hot IGM, but does detect powerlaw emission extending ∼ 100” (∼10
kpc), with a central point source contributing the majority of the emission.”
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Figure 1. Morphological structure of NGC 5084 in X-ray, optical, and near-infrared wavelengths. Left panel: Optical and X-ray image of the
disk of NGC 5084. Background: Luminance-RGB image (Telescope: CDK17. Camera: SBIG STXL-11002M. Filter: Astrodon Gen 1 LRGB
E-Series. Credit: Martin Pugh & Brian Diaz). Field-of-view (FOV): 15 × 15 arcmin2. Right panel: High resolution luminance-RGB image
zoom of the core of NGC 5084 based on Hubble Space Telescope observations. Blue: WFC3/UVIS F475W. Green: WFPC2 F658N. Yellow:
WFPC2 F702W. Red: WFC3/IR F160W. FOV: 24 × 24 arcsec2. See the legend for color-band description and the physical scale-bars in the
panels for reference.

X-ray emission in four different bands: 0.3 – 1.0 keV (soft),
1.0 – 2.0 keV (medium), 0.3 – 2.0 keV (broad), and 2.0 –
8.0 keV (hard). PSF models were generated for each band,
taking into account the spectra of the source, following the
prescriptions from MARX2. After PSF deconvolution, point
sources – potentially associated with background objects, X-
ray binaries, or AGNs – are identified and removed from the
resulting images. Finally, the resulting frames are adaptive
smoothed, and the background is subtracted.
SAUNAS is designed for the detection of very diffuse, low

surface brightness emission in Chandra/ACIS observations
(i.e., hot gas), as opposed to the detection of point-sources
(i.e., AGNs), the latter contribution of which is removed from
the final images. While the point source (FWHM∼ 1.1”)
sensitivity of Chandra/ACIS is ∼ 4×10−15 erg cm−2 s−1 in
104 s, (0.4–6.0 keV), spatial binning over large scales yields
deeper sensitivities.

Adaptive spatial binning techniques (Voronoi,
CSMOOTH) (Cappellari & Copin 2003; Ebeling et al. 2006)
have been widely applied in X-ray astronomy for several

2 https://cxc.cfa.harvard.edu/ciao/threads/marx sim/

decades (see Ebeling et al. 2007; González-Martı́n et al.
2009; Broos et al. 2010; Ebeling et al. 2010; Xue et al.
2011; Hodges-Kluck & Reynolds 2012; Wang et al. 2024a,
and references therein) allowing the detection of extended
sources below the canonical point source sensitivity of the
observations. While SAUNAS I (Borlaff et al. 2024) is ded-
icated to the presentation, benchmarking, and testing of the
adaptive binning technique used by the pipeline, Appendix
A in this paper provides a more in-depth discussion of point
source and extended source sensitivities, and a series of tests
to further verify the significance of the X-ray emission of
NGC 5084 reported in Sec. 3.1.

2.2. Hubble Space Telescope Imaging

Hubble Space Telescope observations of NGC 5084 are
available at the Mikulski Archive for Space Telescopes3

(MAST, doi: 10.17909/j04e-sq50). In particular, we fo-
cus on high-resolution imaging observations obtained with
WFPC2 (Proposal PI: Malkan, Matthew A., Proposal ID:
6785, F702W and F658N, June 1996), WFC3/IR (F160W,

3 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html

https://cxc.cfa.harvard.edu/ciao/threads/marx_sim/
https://doi.org/10.17909/j04e-sq50
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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Table 1. Chandra, HST, and ALMA archival datasets

a) Chandra X-ray Observatory

Obs. ID Instrument Exposure time Mode Count rate Obs. date

(1) (2) (3) (4) (5) (6)

[ks] [s−1]

12173 ACIS-I 9.92 VFAINT 3.22 2011/08

b) Hubble Space Telescope

Obs. ID Instrument Exposure time Filter λ Obs. date

(1) (2) (3) (4) (5) (6)
[s] [µm]

6785 WFPC2 1200 F658N 0.658-0.660 1996/06
6785 WFPC2 500 F702W 0.61-0.75 1996/06

15909 WFC3/IR 1197 F160W 1.39-1.69 2020/05
15909 WFC3/UVIS 602 F475W 0.397-0.554 2020/05

c) ALMA Radio Telescope

Obs. ID Array Exposure time Band ν Obs. date

(1) (2) (3) (4) (5) (6)
[s] [GHz]

2015.1.00598.S 12m 544 6 228.3-248.1 2016/04

NOTE—Chandra, HST, and ALMA archival datasets analyzed in this work. EVLA processed
radio maps are available at the CHANG-ES project webpage: https://projects.canfar.net/
changes/ngc-5084/. a) Top table: Chandra/ACIS observations available within 10 arcmins
of NGC 5084, retrieved from the Chandra Data Archive, as of January 2024. b) Middle
table: HST observations that include the core of NGC 5084, retrieved from MAST, as of
January 2024. b) Bottom table: ALMA observations of NGC 5084 retrieved from ALMA
Science Portal. Col.(1) Observation ID; Col.(2) instrument or configuration; Col.(3) total ex-
posure time per observation; Col.(4) observing mode, filter or band; Col.(5) average count
rate, wavelength or frequency range; Col.(6) exposure start date.

Proposal PI: Boizelle, Benjamin, Proposal ID: 15909, and
WFC3/UVIS (F475W, same Proposal ID as WFC3/IR, see
Table 1). Planetary Camera (PC) observations of WFPC2 al-
low for an angular resolution of 0.05 arcsec, while WFC3s
IR and UVIS channels have a resolution of 0.13 and 0.04
arcsec respectively. At a distance of D = 29.91± 2.12 Mpc
(6.90 arcsec kpc−1, Koribalski et al. 2004), and assuming a
Nyquist sampled PSF, the physical spatial resolution scales
are ∼ 12 pc (WFC3/UVIS) and ∼ 36 pc (WFC3/IR), respec-
tively. Table 1 summarizes the available observations.

All observations were retrieved from MAST as level 3,
after photometric and astrometric calibration, combination
(drizzling) of the different exposures when available. The
pixel scale for the final HST mosaics is 0.05 arcsec px−1.
We detected a shift between the astrometric solution in the
different filters (less than 0.5 arcsec). The offset is likely due
to different guide-stars used for the various HST observa-
tions, combined with the uncertainties in the guide-star cat-
alog. Due to high intensity of the central source and the re-

duced field of view of the Hubble frames, there are no suffi-
cient reference stars or background sources to perform an au-
tomatic astrometric calibration the images. The images were
therefore realigned by a simple translation of the reference
pixel in the WCS, allowing the position of maximum flux to
be recentered in the image (the galactic core). All analysis
involving HST images was performed on the individual filter
frames (with exception of the color maps in Fig. 9), and as
a consequence their relative alignment does not impact the
results of the present work.

2.3. ALMA observations

The J = 2 → 1 rotational transition of carbon monoxide
and its emission line at νrest = 230.538 GHz, CO(2-1) here-
after, is a tracer of the dense molecular gas in the interstel-
lar medium (ISM). Millimeter and submillimeter wavelength
molecular gas observations have been used to trace the emis-
sion in the compact circumnuclear disks present in the core
of AGNs (Garcı́a-Burillo et al. 2021), whose dynamics are

https://projects.canfar.net/changes/ngc-5084/
https://projects.canfar.net/changes/ngc-5084/
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dominated by the mass of the SMBHs presumably present at
the core, allowing the measurement of their direct gravita-
tional mass (Davis et al. 2013; Onishi et al. 2015) measure-
ments. Using a sample of 19 nearby (D < 28 Mpc) Seyfert
galaxies, the dusty and molecular torus has been measured
to have a median diameter of ∼ 42 pc and a molecular mass
of ∼ 6 × 105 M⊙ (Garcı́a-Burillo et al. 2021). In the local
Universe, the CO (2-1) emission line is detectable in a fa-
vorable atmospheric transmission window for ground-based
radio telescopes like the Atacama Large Millimeter Array
(ALMA) Radio Telescope (Leroy et al. 2021), allowing for
extremely high sensitivities and spatial resolution.

NGC 5084 was observed with ALMA as part of the WIS-
DOM project4 (Project code: 2015.1.00598.S, PI: Martin Bu-
reau, Onishi et al. 2017). A total of 544.32 s worth of data in
Band 6 (228.273 - 248.12 GHz) were obtained, with a spa-
tial resolution of 0.508 arcsec (83 pc), and a velocity resolu-
tion of 1.272 km s−1. The calibrated exposures were down-
loaded from the NRAO ALMA Science Archive Data Por-
tal5, where two versions of the reduced data cubes are avail-
able (ALMA and the Additional Representative Images for
Legacy, or ARI-L6).

The results of the analysis are presented in Sec. 3.3. These
are compatible regardless of the version of the cubes ana-
lyzed. The preliminary inspection by the automatic detection
pipelines of the ALMA Science Archive found no emission
lines in any of the datacubes. In fact, none of the papers
from the WISDOM project has published any result from the
NGC 5084 observations analyzed in the present work (Smith
et al. 2021; Davis et al. 2022).

2.4. CHANG-ES EVLA radio observations

Radio-continuum observations trace the synchrotron emis-
sion that arises from the warm and diffuse interstellar
medium (Beck & Wielebinski 2013). Radio emission from
AGN jets is often visible in 1.4 and 5 GHz observations (Se-
bastian et al. 2019; Hardcastle & Croston 2020, 20 cm and
6 cm). NGC 5084 is part of a sample from the Continuum
Halos in Nearby Galaxies—an EVLA Survey (CHANG-ES
Irwin et al. 2012). L (20 cm) and C-band (6 cm) radio obser-
vations in the B, C, and D configurations are available as part
of the CHANG-ES data archive7 (Wiegert et al. 2015; Irwin
et al. 2019).

The CHANG-ES data products include total intensity, lin-
ear polarization degree, and polarization angle observations,
which allow for a measure of the HI column density and
orientation of the magnetic field (B-field). Radio polariza-
tion is a valuable tool for tracing radio jets (Pasetto et al.
2018; Sebastian et al. 2020). The analysis of the radio po-
larimetric observations in NGC 5084 revealed a very low po-
larization degree (p ∼ 0.3%) in the core, potentially caused

4 WISDOM: https://wisdom-project.org/
5 ALMA Science Archive: https://almascience.nrao.edu/aq/
6 ARI-L: https://almascience.eso.org/alma-data/aril
7 CHANG-ES: https://projects.canfar.net/changes/ngc-5084/

by beam depolarization (Haverkorn & Heitsch 2004; Pasetto
et al. 2018), and as a consequence we will not consider them
for the present study.

2.5. Optical spectroscopic observations

In addition to the previous datasets, optical spectral obser-
vations can provide valuable information about the source of
interest. In particular, the presence and intensity of any op-
tical emission lines (hydrogen Balmer series lines) can re-
veal signs of on-going star formation (Hα), AGN activity
(Hα/[NII] ratio), or their absorption by younger (t ≲ 2 − 4
Gyr) population of stars.

NGC 5084 presents 6dF Galaxy Survey spectra (Jones
et al. 2004, 2009) obtained with a single fiber at the core of
the galaxy. In order to disentangle the potential AGN emis-
sion lines from the spectral properties of the stellar popu-
lation at the core, we obtained 1200 s of slit-spectra obser-
vations using the Dual Imaging Spectrograph (DIS) at the
3.5m-Apache Point Observatory, divided into two orienta-
tions (along the major axis of the galaxy and the North-South
direction, corresponding with the circumnuclear core) and
the blue (B1200, λ = [3560-4830] Å, 0.62 Å px−1) and red
(R1200, λ = [5600 − 6790] Å, 0.58 Å px−1) channels. The
slit aperture was set to 1.5 arcsec, centered around the core
of the galaxy in both orientations and channels. The results
of the 6dF and APO/DIS optical spectra are presented and
analyzed in Sec. 3.5.

3. RESULTS

3.1. X-ray imaging

Figure 2 presents the new SAUNAS-processed images in
the selected broad X-ray band (0.3–2.0 keV), overlayed on
the optical morphology of the galaxy (large FOV optical and
near-infrared gri image from Pan-STARRS, Chambers et al.
2016). Additionally, Fig. 13 in Appendix B shows the three
X-ray (soft: 0.3-1.0 keV, medium: 1.0-2.0 keV, hard: 2.0 -
8.0 keV) bands.

Based on the 0.3-2.0 keV emission map, NGC 5084 shows
a complex morphology in X-ray with a distinct cross-shape
component, including 1) a diffuse emission perpendicular
(north-south) to the disk, detectable at a 5σ level and 2) a
secondary, fainter but significant (3σ), component parallel to
the disk of the host galaxy (east-west). These features will be
referred to in the text as the vertical and horizontal compo-
nents, respectively. Between 10” < R < 30” (σ > 5) from
the galactic core, the X-ray emission is elongated towards
the south and north-east directions. The 3σ vertical emission
extends over ∼ 2 arcmin in the north-south direction or 8.7
kpc above and below the core (a total of 17 kpc from edge to
edge) while the east–west emission reaches a total extension
of 2.6 arcmin (22 kpc). This result contrasts with the previ-
ous analysis of O’Sullivan et al. (2017), who detect the bright
core and noted potential but unconfirmed extended emission.

We analyze the total integrated flux in seven different mor-
phological areas: (1) Total flux inside the 3σ contour in
Fig. 2; (2) Core (R < 10”); (3) Extended emission (10” <
R < 1.5′, and > 3σ); and (4-7) North, West, South, and East

https://wisdom-project.org/
https://almascience.nrao.edu/aq/
https://almascience.eso.org/alma-data/aril
https://projects.canfar.net/changes/ngc-5084/
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Optical (gri) 0.3-2.0 keV

Figure 2. Diffuse X-ray emission of NGC 5084 as detected with SAUNAS/Chandra in 0.3-2.0 keV broad band. Left: X-ray contours (this work)
over plotted on the optical gri color Pan-STARRS image (Chambers et al. 2016). Right: SAUNAS map of the diffuse X-ray emission, corrected
for PSF, point-sources, and sky-background. Solid, dashed, and dotted contours represent the 5, 3, and 2σ detection levels of X-ray emission,
represented in white (left panel) and black (right panel) for contrast.

lobes. The lobe regions are defined by dividing the extended
emission in 4 quadrants (with separations at 45◦, 135◦, 225◦,
315◦), excluding the emission from the core (R < 10”) with
a limit at R = 1.5′. The separation between the core and
extended regions R = 10” is defined based on the inspec-
tion of the X-ray morphology as the maximum radius where
the X-ray emission does not show a significant elongation.
The results are presented in Table 2. The fluxes take into
account PSF deconvolution, and they exclude the emission
from point sources identified by the Chandra catalog of point
sources (XRBs, AGN core). The analysis shows that the inte-
grated emission from the north and east lobes is in excess of a
10σ detection. The south and west are substantially dimmer
but significant above the background at 6.6σ and 3.2σ.

In the soft and medium sub-bands (see Appendix B,
Fig. 13) the north–south and east–west emission components
are detectable. The soft band (0.3–1.0 keV) shows a mostly
vertical emission, with a slightly distorted structure parallel
to the main disk and extending towards the east. The medium
1.0–2.0 keV band displays a more axisymmetric morphology
with significant emission in the west lobe. The hardest band
(2.0–8.0 keV) shows signs of emission as unconnected blobs
in the southern and east lobes at a (2 − 3σ) level, oriented
in the same direction as detected in the broad and soft bands,
while the northern and western lobes are undetected at 3σ.
The location of the X-ray emission centroids – measured as
the maximum surface brightness intensity peak – is compat-
ible between the three bands at a 1σ level.

In order to verify the results from the pipeline, we study
the significance of the extended emission in Appendix A.2
using two different, additional methodologies widely used in
the literature. First, we determine if there is an excess of
emission around the bright core of the galaxy by comparing
the PSF surface brightness profile with the observed profile

in the original Chandra/ACIS observations, without apply-
ing Voronoi binning or PSF deconvolution. This method-
ology has been extensively used in the literature (Fabbiano
et al. 2017, 2018; Jones et al. 2020; Ma et al. 2020, 2023) to
identify hot gas halos and other extended emission compo-
nents. The results (see Fig. 11) show a clear excess of emis-
sion above that expected PSF scattering up to the same radial
distance as predicted by the 3σ contours on Fig. 2, confirm-
ing that the X-ray emission of NGC 5084 is not caused by
PSF-scattered light from the bright core and that the extended
emission is significant.

Second, we analyze the X-ray emission in fixed apertures
over the observed lobes, by applying a Poisson test (Krish-
namoorthy & Thomson 2004) to determine if the number of
events is compatible with that of the background. The test
rejects the null hypothesis that the emission in the apertures
centered over the extended lobes is compatible with the back-
ground with p < 0.05, for each of the lobes.

In summary, the results from three different methodologies
(SAUNAS, PSF-comparison, and Poisson tests) confirm the
same conclusions: (1) the extended cross-shaped X-ray emis-
sion around NGC 5084 is statistically significant; (2) the PSF
scattered-light from the core is not sufficient to explain the
extended emission; and (3) the the four X-ray lobes around
NGC 5084 are detectable at a > 3σ level.

3.2. Hubble Space Telescope imaging

To further investigate the nature of this complex emission,
we explored the available HST observations of NGC 5084
(see Table 1), presented in Fig. 3. The image shown (12.6 ×
12.6 arcsec2) corresponds to a physical area of 1.82 ×
1.82 kpc2 at 29.9 Mpc. The morphology of the inner core
of NGC 5084 shows a characteristic arc-shaped absorption
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Table 2. Broad-band (0.3 - 2.0 keV) X-ray emission flux per region

Region Position Area Energy flux Photon flux SNR

[α, δ, ICRS] [arcmin2] [ 10−15 erg cm−2 s−1] [ 10−6 cm−2 s−1] [σ]

(1) (2) (3) (4) (5) (6)

All 200.070◦, −21.828◦ 2.37 40.00± 0.58 21.71± 0.32 68.6
Core [R < 10”] 200.070◦, −21.828◦ 0.09 7.14± 0.57 3.88± 0.31 12.4
Extended [10” < R < 1.5′] 200.070◦, −21.828◦ 2.28 32.85± 0.60 17.83± 0.33 54.3
North 200.073◦, −21.816 0.57 8.46± 0.71 4.59± 0.39 11.9
West 200.088◦, −21.825 0.78 5.1± 1.6 2.76± 0.87 3.2
South 200.071◦, −21.836 0.42 7.2± 1.1 3.95± 0.60 6.6
East 200.056◦, −21.827 0.50 11.8± 0.78 6.41± 0.42 15.1

NOTE—X-ray photometric properties of the different regions identified in NGC 5084 using Chandra/ACIS broad-band (0.3–2.0
keV) observations. Col.(1) Name of the region; Col.(2) Center in sky coordinates (α, δ, ICRS); Col.(3) Projected sky angular
area; Col.(4) Integrated energy flux; Col.(5) Integrated photon flux; Col.(6) Signal-to-noise ratio, measured in σ over the sky
background emission.

feature perpendicular to the orientation of the galaxy’s disk
that partially obscures the core of the galaxy. The obscur-
ing structure is approximately 300 pc in diameter, and it is
visible in the F658N, F702W, and F475W filters. We re-
fer to Fig. 14 in Appendix C for the individual band images.
The images reveal the presence of a substantial amount of
dusty filaments around the bright core of the galaxy. The
dust extinction shows a higher contrast in the shortest wave-
length (F475W) observations against the continuum back-
ground and the bright unresolved core of the galaxy.

The central absorption feature is visible on the west-side
of the bright core, and it presents a clear curvature centered
around the core of the galaxy. The morphology of this fea-
ture is compatible with that of a highly inclined circumnu-
clear disk (Moellenhoff & Bender 1987; Jaffe et al. 1993;
Kormendy et al. 1994; Ferrarese et al. 1996; van der Marel
& van den Bosch 1998), with a north-south angular diameter
of 2.1 ± 0.1 arcsec (D = 304+10

−11 pc, as estimated below).
By subtracting the F702W flux from the narrow band F658N
filter, a proxy of the [NII, λ6548] + Hα emission intensity
map is generated. The F658N - F702W map (see Fig. 14
in Appendix C) reveals a bright emission core surrounded
by a halo, in which the dust absorption of the disk contrasts
clearly.

The position angle and inclination of the circumnuclear
disk were measured for comparison with those of the main
components of the rest of the galaxy. To account for un-
certainties, reference points across the arc dust lane us-
ing SAODS9 were defined and then fit to an ellipse using
N = 1000 bootstrapping and Monte Carlo simulations,
allowing us to estimate uncertainties. Each Monte Carlo
simulation used a displaced location (α, δ) of the reference
points within the FWHM of the PSF of the instrument. The
WFPC2/F702W filter was chosen for this task due to its bet-
ter angular resolution and less contamination by dust fila-
ments in the FOV.

The results are shown in the right panel of Fig. 3. The
model ellipse fit is shown displaced from the observed
disk for clarity. The center of the ellipse is α, δ =
(200.◦0701,−21.◦8272) ± 0.1 arcsec, compatible with the
location of the core of the galaxy. The disk diameter is
D = 304+10

−11 pc, with a median inclination of i = 71.2+1.8
−1.7

degrees, and a position angle of θ = −5.1+1.1
−1.0 degrees, indi-

cating that the relative orientation of the circumnuclear disk
is perpendicular to the galactic plane.

3.3. ALMA CO(2-1) emission line observations

Figure 4 shows the results from the analysis of the ALMA
Band 6 spectral data cube obtained in NGC 5084. Initial in-
spection of the calibrated cube did not show sufficient emis-
sion per spaxel at the original spectral resolution of 1.3 km
s−1. After rebinning the datacube in the spectral axis to
a velocity resolution of 12.9 km s−1, emission lines with
SNR> 3 are detected. We fit Gaussian models along the
spectral direction for each pixel in the cube, identifying the
intensity, centroid, and dispersion of the CO(2-1) emission
lines (moments 0, 1, and 2).

The positions that do not contain emission with an asso-
ciated intensity higher than the noise at a 95% probability
confidence level are masked. The velocity map (moment
1) of the CO(2-1) emission lines is represented in a color
scale over the F702W HST/ACS image in the right panel of
Fig. 4. The results show an unmistakable edge-on rotation
pattern, with the north (south) edge of the disk moving to-
wards (away from) the observer along the line of sight. The
peaks of CO(2-1) emission are coincident with the edges
of the circumnuclear disk, where the column density is ex-
pected to be highest due to projection effects.

The spectra of the locations with significant emission are
combined (summed) to study the line profile and characterize
the amplitude of the rotation pattern. The combined spectra
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Figure 3. Morphology of the core of NGC 5084 obtained with Hubble. Left: LRGB image generated using four HST filters: WFC3/UVIS
F475W (blue), WFPC2 F658N (green), WFPC2 F702W (yellow), and WFC3/IR F160W (red). The area shown is 12.6 × 12.6 arcsec2

(1.82× 1.82 kpc2 at a distance of 29.91 Mpc). Right: Analysis of the ellipticity of the circumnuclear disk of NGC 5084. Yellow ellipses show
the Bootstrapping + Monte Carlo elliptical fits, displaced 1 arcsec (double headed arrow shows the offset distance) to the west from the core of
the galaxy to enhance the visual comparison. The results of the fit are shown in the panel. The black crosses show the best fit to the center of
the fitted ellipses. HST/WFPC2 F702W flux is shown in the background. Note that the RGB color levels in the left panel have been optimized
to emphasize the disk. Photometric color maps (g − r and F475W - F702W) are available in Fig. 9. See the scale and colorbars for reference.

is shown in the left panel of Fig. 4. We characterize the ro-
tation amplitude using the line width at the half-maximum,
following a similar procedure as in (W50, Smith et al. 2021).
The velocities (lowest and highest) at which the spectrum
reaches its half-maximum are measured through interpola-
tion of the combined spectra. This process is repeated using
N = 1000 Monte Carlo simulations, with each data point
being displaced by its spectral flux uncertainty (noise level).
The measured rotation velocity is Vrot = 249.1+12.8

−9.6 km s−1

(W50 = 498+26
−19 km s−1).

Finally, we use the definition in Smith et al. (2021) to mea-
sure the mass of the central SMBH based on their fitted re-
lation with the line width at the half-maximum W50 and the
disk inclination (see their Eq. 6):

log10

(
MBH

M⊙

)
=

(8.5± 0.9)

[
log10

(
W50 [km s

−1
]

sin i [km s
−1

]

)
− 2.7

]
+ (7.5± 0.1).

(1)

The uncertainties in their fitted relation are propagated using
the Monte Carlo simulations, together with those in the in-
clination of the disk (see Sec. 3.2), as well as the spectra. A
total mass of log10

(
MBH

M⊙

)
= 7.66+0.21

−0.15 is determined for
the SMBH of NGC 5084. No previous estimates have been
reported for the mass of the SMBH of this galaxy.

3.4. EVLA 6 cm radio continuum observations

Fig. 5 compares the total intensity of the EVLA 6 cm ob-
servations to the X-ray 0.3-2.0 keV using contours overlaid
on a reference optical gri image of NGC 5084 and the 6 cm
total surface brightness intensity. As described by Wiegert
et al. (2015), the bright core of NGC 5084 is dominated by
systematic effects, including residual sidelobes, generating
an artificial X-shape pattern that follows the beam shape.
Because correcting these residuals is beyond the scope of
our study, we conservatively regard the 6 cm emission in the
north and south regions of NGC 5084’s core as artifacts.

Interestingly, Wiegert et al. (2015) identifies extended
emission to the east and west of the central bright core. This
emission is highlighted in Fig. 5, and was identified as radio
lobes in Irwin et al. (2019, see their Table 10). These two
radio sources are detected at a 10σ level, being located at a
symmetric distance from the core. The distance from the east
lobe to the core is R = 31.5+4.5

−4.5 arcsec or R = 4.52+0.66
−0.65

kpc, while the equivalent from the west lobe is R = 31.1+4.5
−4.6

arcsec (R = 4.51+0.65
−0.67 kpc), being compatible at a 3σ confi-

dence level. The position angles from the east and west lobes
to the center are also compatible at a 3σ level, PAeast−core =
92.8+6.4◦

−7.1 , PAcore−west = 92.2+7.1◦
−7.6 . Taking into account

the inclination of the circumnuclear disk (i = 71.2+1.8◦
−1.7 ),

and assuming that the lobes are oriented along the line of the
AGN radio jet axis, the deprojected distance to the core is
R = 4.8± 0.70 kpc, taking into account the uncertainties in
the location of the core, radio lobes, and inclination. The re-
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Figure 4. Velocity field analysis of the circumnuclear disk of NGC 5084, based on ALMA CO(2-1) observations. Left: Spectral analysis of
the redshifted (z = 0.005741) CO(2-1) emission line ν

CO(2−1)
rest = 230.538 GHz. Blue line shows the integrated spectra as a function of the

frequency (top axis) and the rotation velocity (bottom). The horizontal dashed line and red dots represent the line width at half maximum.
Vertical dashed line represents the center of the redshifted CO(2-1) emission line. Right: CO(2-1) velocity map (see right colorbar) over the
WFPC2/F702W intensity map (bottom colorbar). The yellow ellipse represents ALMA observations beam size ([Bmaj, Bmin] = [0.60, 0.54]

arcsec).

sults are compatible at the 1.4 and 5 GHz bands. The total lu-
minosity of each lobe in 5 GHz is L5GHz = [1.5, 1.8]×10+19

W Hz−1 while the core is two orders of magnitude brighter
with L5GHz,core = 3.60±0.01×10+21 W Hz−1. In 1.4 GHz,
the lobes are brighter L1.4GHz = [4, 6]×10+19 W Hz−1, with
L5GHz,core = 3.60± 0.01× 10+21 W Hz−1 in the core. The
distances to the core of each lobe and the luminosities of each
component are included in Table 3.

In summary, following the classification criteria in Bridle
& Perley (1984), based on the elongation, symmetry to a
bright core, and deblending from other sources, we identify
this emission as a radio jet emitted from the central AGN
pointing towards the disk of NGC 5084, in agreement with
the classification by Irwin et al. (2019). We will discuss the
implications of its tilted orientation in Sec. 4.2.

3.5. Optical spectra

The optical spectral energy distribution of the core of
NGC 5084 was obtained by the 6dF Galaxy Survey (Jones
et al. 2004) in the 4000-7500 Å range, using an aper-
ture with a radius of R = 6.7 arcsec around the core of
the galaxy (see Fig. 7). The optical spectra reveal neither
strong emission lines typical from central starbursts nor AGN
associated broad-line emission (Hβ, [O III]), although Hα
and [N II] lines are detectable. Their optical line ratio is
log10

[N II]λ6583
[Hα]λ6563 = +0.51. High values of this ratio are

characteristic of high ionization power sources, (i.e., AGN,
low mass evolved stars), compared to active starburst galax-
ies where [Hα] >> [N II] (Sánchez Almeida et al. 2012).

Narrow emission lines from the AGN can erase the spec-
tral absorption from the stellar component. In particular, we
pay attention to Balmer absorption lines, the distinguishing
feature of post-starburst population dominated galaxies (also
called E+A or K+A galaxies, Dressler & Gunn 1983). In ad-
dition to the 6dF fiber-spectra, we analyzed the slit-spectra
obtained with the APO/DIS (see Sec. 2.5 using five regions:
(1) the central 1.5 arcsec from the core of the galaxy; (2-
5) north, south, east, and west sides of the galaxy, resp.
(not including the core). The results are shown in Fig. 7.
The APO/DIS spectra do not reveal any signs of Hα [λ =
6562.8Å], Hβ [λ = 4861.35Å], or Hγ [λ = 4340.47Å] ab-
sorption, in any of the regions analyzed, suggesting that the
stellar population at the core is not dominated by a classic
post-starburst stellar population.

4. DISCUSSION

4.1. Main formation scenarios

The present work has revealed a collection of remarkable
features in the massive lenticular galaxy NGC 5084, includ-
ing:

1. A hot gas halo with two components: a 17 kpc com-
ponent perpendicular to the galactic disk, and a second
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Table 3. Radio lobe galactocentric distance and flux

Parameter Band Core West East

(1) (2) (3) (4) (5)

Rcore [kpc] 5 GHz - 4.51+0.68
−0.67 4.52+0.62

−0.70

1.4 GHz - 4.34+0.84
−0.90 4.32+0.88

−0.81

Rcore,depro [kpc] 5 GHz - 4.77+0.71
−0.70 4.76+0.69

−0.72

1.4 GHz - 4.59+0.90
−0.95 4.56+0.93

−0.87

L [W Hz−1] 5 GHz 3.60± 0.04× 10+21 1.52± 0.06× 10+19 1.86± 0.05× 10+19

1.4 GHz 3.60± 0.01× 10+21 4.33± 0.22× 10+19 6.31± 0.16× 10+19

NOTE—Photometric and morphological parameters from the radio-lobes detected in the core of NGC 5084
using EVLA C (5 GHz) and L-band (1.4 GHz) observations. Col.(1) Rcore is projected distance to the core in
kpc, Rcore,depro is inclination deprojected distance to the core in kpc, and L is total luminosity in W Hz−1;
Col.(2) Observation frequency; Col.(3) Values associated with the core; Col.(4-5) west and east lobes.

Figure 5. Comparison of EVLA radio-wavelength 6 cm observa-
tions with the optical and X-ray morphology of NGC 5084. Blue
contours represent the [3, 5, 10]σ confidence levels at 6 cm in
EVLA Band C observations from CHANG-ES (Wiegert et al.
2015). The sensitivity for VLA C-band observations is 7.9 µJy
beam−1 in 15.64×8.35 arcsec−2. In the background, the optical gri
RGB image of NGC 5084 from the Pan-STARRS image (Chambers
et al. 2016). White contours represent the emission in the Chan-
dra/ACIS X-ray soft-band (0.3–2.0 keV) in s−1 cm−2 arcsec−2.

parallel to it, detected in the 0.3 − 2.0 keV band of
Chandra/ACIS (Secs. 3.1).

2. A rotating (Vrot = 249.1+12.8
−9.6 km s−1), edge-on (i =

71.2+1.8
−1.7

◦), polar circumnuclear disk of D = 304+10
−11

pc in diameter, detected in absorption with Hubble
(WFPC2, WFC3) and confirmed through its CO(2-1)
molecular emission in ALMA observations (Secs. 3.2,
3.3).

3. Two radio lobes located symmetrically at R = 4.6 ±
0.6 kpc from the galactic core, aligned with the rota-
tion axis of the circumnuclear disk, detectable in 6 and
20 cm (5 and 1.4 GHz) radio continuum emission ob-
servations with EVLA (Sec. 3.4).

The presence of (1) a rotating, circumnuclear disk and
(2) two radio lobes aligned with the axis of the circumnu-
clear disk is evidence for a SMBH at the core of NGC 5084,
and adds support for extant AGN activity reported by pre-
vious authors (Kewley et al. 2001). Following the prescrip-
tions of Smith et al. (2021), we estimated an SMBH mass
of log10

(
MBH

M⊙

)
= 7.66+0.21

−0.15. The measured SMBH mass
is compatible with the SMBH mass distribution in the local
Universe (Vika et al. 2009; Smith et al. 2021). Remarkably,
all evidence suggests that the AGN jet axis is pointing to-
wards the galactic disk plane, instead of being perpendicular
to the main galactic disk. Based on the multi-wavelength
morphological information, we propose three main forma-
tion scenarios for NGC 5084, summarized in Fig. 8:

1. Orientation change of AGN jet: In this scenario, the
vertical X-ray emission was generated in a previous
orientation of the AGN jet, which changed dramati-
cally due to external (merger, gas inflow) or internal
factors (AGN precession, Britzen et al. 2018, 2023).

2. Overpressured coccoon: NGC 5084’s AGN jet point-
ing towards the disk heats up the ISM in the core of
the galaxy. The hot gas escapes through the direction
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Figure 6. Regions assigned for spectral analysis. Left panel: White contours in the left panel represent the [2, 3, 5, 7, 10]σ detection limits in
the 0.3–2.0 keV band from Chandra/ACIS. The slit-shaped regions (1.5 arcsec wide) represent the APO/DIS optical spectra, defined to align
with the major axis of the galaxy and the major axis of the circumnuclear disk. The circular core region, shown in the zoomed image, has a
3 arcsec radius. The RGB background image was generated using the gri observations from Pan-STARRS. Right: Close-up view of the core
regions, showing the apertures for optical 6dF spectra (R = 3.4 arcsec), and the APO/DIS slit-spectra. The background image represents the
flux intensity in the F475W band from HST/WFPC2.

of maximum pressure gradient, that is, the minor axis
of the disk, generating an expansion visible as the ver-
tical component of the X-ray emission (see Fig. 5 in
Capetti et al. 2002).

3. Faded starburst: NGC 5084 evolved through one or
more gas-rich accretion events, driving gas into the
core, which in turn: 1) triggered a starburst-driven
galactic wind (Hodges-Kluck et al. 2020) and 2) ac-
tivated the AGN and its central SMBH, generating the
observed horizontal X-ray emission.

These scenarios are idealized; in reality, a mixture of these
cases may be responsible for the observed phenomena. In
particular, the HI tilt and the disk warp of NGC 5084 suggest
that the galaxy suffered a major merger at some point in its
past. Rather than directly eliminating other scenarios, merg-
ers serve as a potential triggering factor in two of the other
cases (orientation change and faded starburst). The obser-
vational evidence for merger activity is gathered in Sec. 4.2.
Secs. 4.3, 4.4, and 4.5 discuss each of the scenarios presented
in Fig. 8.

4.2. Signs of merger activity

The size (D = 304+10
−11 pc) and rotation speed (Vrot =

249.1+12.8
−9.6 km s−1) of the circumnuclear disk detected with

Hubble and ALMA observations is compatible with the NLR
dust disks that surround the AGN torus (Ramos Almeida &

Ricci 2017). However, its perpendicular orientation to the
rest of the galaxy poses an important question regarding its
kinematic origin.

The presence of polar nuclear rings is a tracer of past accre-
tion events in disk galaxies (Anantharamaiah & Goss 1996).
Observations of these structures in NGC 2685 and IC 1689
revealed a stellar population different from that of the rest of
the galaxy, suggesting the formation by an accretion event
followed by a starburst (Sil’chenko 1998). Surveys of galac-
tic nuclear rings (Comerón et al. 2010) have also found that
the distribution of position angles of nuclear rings shows no
correlation with that of the rest of their host galaxies, support-
ing an accretion scenario for their formation. These findings
indicate that the orientation of the inflow gas does not depend
generally on the orientation of the host galaxy, but rather on
the distribution of external material to be accreted.

Alternative mechanisms have been proposed to generate
misaligned or even polar nuclear disks via galactic outflows
without the need for gravitational interactions. Simulations
have proven that star formation, supernovae, and AGN feed-
back can eject gas above the galactic plane (Emsellem et al.
2015; Renaud et al. 2015). Eventually this gas falls back to
the core with a certain angular momentum, creating polar gas
rings or disks (Combes 2017). In this scenario, the X-ray
emission perpendicular to the disk observed in NGC 5084
would be hot gas precipitating back into the core of the
galaxy while cooling down, and then eventually transforming
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Figure 7. Optical spectral energy distribution (SED) of NGC 5084 as detected by the 6dF survey and the APO/DIS observations. Top panel:
4300-7000 Å spectrum of the central 1.5 arcsec slit (APO/DIS, blue and red channels, in color) and the 6.7 arcsec radius fiber (6dF, black).
Bottom left: Detail of the Hγ spectral range (4200 – 4550 Å), showing the core as detected by 6dF and APO/DIS, as well as the North, South,
East, and West subregions avoiding the core. See the labels on each spectra. Bottom right: Same as previous for the 6400-6800 Å(Hα) range.
Vertical shadowed red lines represent the redshifted wavelengths of the typical absorption and emission lines in galaxies (Hβ, OIII, Mg, Na I,
Hα), for reference.

into the observed circumnuclear dust disk. However, despite
NGC 5084’s extensive vertical X-ray emission, its HI emis-
sion does not show signs of filamentary structures expected
with infall to the core of the galaxy (Zheng et al. 2022), rais-
ing questions about this possibility.

Gottesman & Hawarden (1986) interpreted that the ob-
served alignment between the inner regions of NGC 5084’s
stellar disk (or lens) and the neutral atomic hydrogen (HI) gas
disk ruled out an accretion scenario. However, later works
(Eliche-Moral et al. 2018) have demonstrated that lenses can
result after major mergers in lenticular galaxies, implying
that their presence is not sufficient to rule out mergers. While
the presence of a polar circumnuclear disk associated with
an AGN can be explained by internal evolution mechanisms
(outflow gas cooling and subsequent precipitation onto the

core, Combes 2017), multiple forms of evidence point to
some type of accretion event (gas inflow, minor, or major
merger) in the recent past of NGC 5084, including:

1. The observed warp in the outer disk (∆Θ ∼ 5◦)
(Zeilinger et al. 1990).

2. The misalignment of the HI gas disk with respect to
the stellar disk (Gottesman & Hawarden 1986; Zheng
et al. 2022).

3. The detection of an antitruncated surface brightness
profile (Comerón et al. 2012), an excess of light in the
outskirts potentially generated by past merger events
(Younger et al. 2007; Borlaff et al. 2014).
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Figure 8. Summary of the formation scenarios for the vertical X-ray emission of NGC 5084. Cosmic time increases from left to right. Top
row: (1) Orientation change of AGN jet. Mergers, inflows, precession, and SMBH interactions can reorient the jet direction of an AGN over
time; Central row: (2) Overpressured cocoon. AGN-jet emission directed against the galactic disk can result in an expansion along the minor
axis of the galaxy; Top: (3) Faded starburst. Circumnuclear starbursts can generate galactic winds, expelling hot gas in the direction vertical to
the galactic plane. However, this scenario requires active star formation or at least a relatively young population of stars at the core, which is
not observed (see Sec. 4.3).

4. The presence of nine satellite galaxies in its envi-
ronment, with an apparent predominance of satellites
in retrograde orbits, more likely to survive accretion
(Carignan et al. 1997, see Fig. 10).

Based on this observational evidence in the cosmologi-
cal context of massive S0 galaxies in the local Universe,
we conclude in Sec. 4.6 that the most likely scenario is that



14

NGC 5084 sustained a major merger and/or multiple minor
mergers since z ∼ 1.

4.3. Faded starburst scenario

Galactic superwinds (Heckman et al. 1993) are generated
by radiative and kinetic luminosity provided by supernovae
and winds from massive stars in starburst regions. The col-
lisions of the ejecta (shocks) heat up the surrounding gas to
T ≳ 108 K, filling the ISM and preferentially expanding to-
wards regions in which the pressure gradient is more steep
(that is, the perpendicular direction to the galactic disk), gen-
erating a ”bubble” of hot X-ray emitting gas. Thus, galactic
outflow tend to be perpendicularly aligned to the disk, ex-
plaining the bipolar component observed in X-ray.

Observationally, ∼50% of star-forming galaxies show
signs of winds (Rubin et al. 2014). Extreme examples
would be M 82 (Shopbell & Bland-Hawthorn 1998; Heck-
man & Thompson 2017) and the giant X-ray wind cone
of NGC 3079 (R ∼ 3 arcmin, 16.3 kpc, Hodges-Kluck
et al. 2020). In contrast to typical star-forming galaxies,
NGC 5084 is a lenticular galaxy with a low SFR (0.128 ±
0.016 M⊙ yr−1, O’Sullivan et al. 2018), showing no evident
emission lines characteristic of active star formation (Mous-
takas & Kennicutt 2006, see Fig. 7). If the observed X-ray
outflow of hot gas observed in NGC 5084 Chandra/ACIS is
a galactic superwind, the star formation burst that generated
it must have been a short event, and must have been com-
pletely quenched in the present. Moreover, X-ray outflows
from galaxies that have already stopped their starburst activ-
ity tend to extend for periods of time no longer than a few
tens of Myr (McQuinn et al. 2018). In this scenario, the stel-
lar population in the core should be relatively recent (post-
starburst).

However, this hypothesis is not supported by the spectro-
photometric information available. First, the optical color
diagrams of the central regions of NGC 5084 (based on g− r
VST/ATLAS images8, see Fig. 9) do not reveal a bluer emis-
sion at lower galactocentric radius but rather indicate a non-
uniform internal dust absorption throughout the disk. Dust
reddening is expected in the core, but even HST observations
reveal that the general color of the diffuse emission between
dust filaments is relatively red (g − i ≳ 1.4). Secondly,
the optical spectra (see Sec. 3.5, Fig. 7) do not present any
Balmer absorption lines typical of post-starburst objects (also
called E+A or K+A galaxies, Dressler & Gunn 1983), not
even in regions away from the core, where the AGN could
dominate the emission. Given that the post-starburst phase
lasts about 300 Myr, the lack of a Balmer absorption line sig-
nal in the optical spectra suggest that the age of the stellar
population in the core is older than a Gyr.

4.4. Overpressured cocoon

Scenario 2 in Fig. 8 describes an adaptation of the mecha-
nism proposed by Capetti et al. (2002) to generate X-shape

8 VST/ATLAS: http://osa.roe.ac.uk/

radio sources: a bubble of hot expanding gas inside an ellip-
tical distribution of denser gas will expand along the direc-
tion of maximum pressure gradient, that is, the minor axis
of the galaxy (Blandford & Rees 1974). The surrounding
galactic ISM collimates the expanding vertical exhaust, gen-
erating well-defined wings. Notably, this type of object has
been predominantly detected in radio wavelengths (X-shaped
radio galaxies, Hodges-Kluck 2011; Giri et al. 2024). X-ray
observations of such objects tend to reveal diffuse and el-
liptical hot gas halos (Hodges-Kluck et al. 2010a), cavities
(Hodges-Kluck et al. 2010b), or hard X-ray knots around
the radio emission (Hodges-Kluck & Reynolds 2012). The
cross-shaped X-ray morphology observed in NGC 5084 is
unique in this sense.

Unfortunately, the systematic effects observed in radio ob-
servations along the vertical direction (Sec. 3.4) prevent the
identification of additional radio lobes along the minor axis
of the galaxy, challenging the ability to determine whether
NGC 5084 also has an X-shape radio morphology. Given
the detected radio-lobes, NGC 5084 would be classified be-
tween high-luminosity LINER/Seyferts and FR 0 galaxies
(see Table 3, Baldi 2023), emitting ∼4–5 orders of mag-
nitude less than the X-shaped radio galaxies from Cheung
et al. (2009). This classification correlates with the prediction
from Hodges-Kluck (2011) that X-shaped sources should be
decaying AGN jets.

4.5. AGN re-alignment

AGN jets can be almost randomly oriented with respect to
their circumnuclear disks (Schmitt et al. 2002) and it is ex-
pected that severe warps can be present between the orienta-
tion of the NLR and the BLR (Lawrence & Elvis 2010), and
by extension, with the main galactic disk (Clarke et al. 1998;
Nagar & Wilson 1999; Kinney et al. 2000). Potential causes
for this misalignment include (1) a time-variation in the ori-
entation of the jet-generator; or (2) the presence of pressure
gradients in the trajectory of the jet (Gallimore et al. 2006).
The remarkable symmetry of the 6 cm continuum radio lobes
detected with EVLA (see Fig. 5) compared to the core of the
galaxy confirms that the AGN jet is currently aligned with
the axis of the circumnuclear disk and pointing towards the
galactic plane. However, this configuration does not need to
be constant throughout the whole history of NGC 5084.

In addition to the overpressure cocoon scenario, Giri et al.
(2024) reviews another mechanism to generate X-shaped
sources: the reorientation of the jet. Observational works
have revealed that AGN jets present signs of restarted activ-
ity in different directions (Saripalli et al. 2013; Nandi et al.
2021). In fact, jet reorientation by the action of binary super-
massive black holes is one of the proposed mechanisms to
explain the variable activity of blazars (Britzen et al. 2018).
The presence of a binary SMBH can be detected by searching
for time variations on the radio emission at pc-scale of AGN
jets (Jiang et al. 2023). Since secondary SMBHs are likely to
be accreted in merger events, their study may be critical in es-
tablishing observational constraints on galaxy evolution (Yu
2002). Binary SMBHs that are separated at sub-pc scales can

http://osa.roe.ac.uk/
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Figure 9. NGC 5084 color maps. Left panel: Ground-based VLT/ATLAS g − i maps. Black contours represent the X-ray emission (see
Fig. 2). Dark blue square in the core represents the FOV in the right panel. Right panel: F475W - F702W color from Hubble WFPC2/WFC3
photometry. The circumnuclear disk is clearly visible in red. See the colorbar for reference.

generate changes in the jet orientation over periods of sev-
eral Myr (Giri et al. 2024), sufficiently short so that the fossil
X-ray emission from the previous orientation is still visible
(Zubovas et al. 2022, ∼ 10− 20 Myr).

4.6. NGC 5084 in a cosmological context

Observational works suggest that at least 75% of AGN
host galaxies have recently interacted or are on-going merg-
ers (Keel et al. 2012). This fraction contrasts with ΛCDM
simulation-based works, which predict that only half (∼55%)
of the luminous AGNs (Lbol > 1045 erg s−1) are in some
type of gravitational interaction, suggesting that mergers are
an important factor but not the only one to trigger AGNs
(Byrne-Mamahit et al. 2024).

In gravitational interactions, the galactic gas loses angu-
lar momentum and precipitates into the core regions of the
galaxy (Hopkins et al. 2009). This gas is often consumed in
starbursts but also reaches the SMBH, which fuels AGN ac-
tivity (Di Matteo et al. 2005; Springel et al. 2005). Thus AGN
activity and outflows can be triggered by gravitational inter-
actions. However, AGNs are active in periods of 0.2−2×105

yr (Keel et al. 2012), a timescale much shorter than typi-
cal starbursts (τ = 107 yr, Heckman et al. 1993). These
timescales imply that simultaneous observations of an AGN
and the starburst may not be common, despite being triggered
by the same event.

AGNs are one of the multiple mechanisms to shut down
star formation in galaxies, but not the only one. From a cos-
mological perspective, the transformation from spirals to S0s
had to take place either through internal processes or through
external interactions with other galaxies. In the internal sce-
nario, spiral galaxies would have shut down their star for-
mation, either through gas stripping in the disc (Laurikainen

et al. 2010), removal of their gas (starvation or strangulation,
Larson et al. 1980), harassment (Moore et al. 1996), strong
and sustained star formation (Kormendy & Kennicutt 2004)
or AGN feedback (Chen et al. 2020).

Contrary to the classical galaxy evolution scenario, many
studies propose that galactic mergers can produce well-
defined disk remnants (Hopkins et al. 2013; Eliche-Moral
et al. 2018) or even spiral galaxies (Athanassoula et al. 2016;
Peschken et al. 2017). In fact, bulge/disk decompositions
suggest that the low-luminosity S0s were formed by secu-
lar processes, while the bright (more massive) S0s may have
been formed through major mergers (Barway et al. 2009;
Fraser-McKelvie et al. 2018). This second class includes su-
permassive lenticular galaxies like NGC 5084.

Another example of such phenomena is the lenticular
galaxy NGC 5252. Classified as a Seyfert 1.9 galaxy (Argyle
& Eldridge 1990; Osterbrock & Martel 1993), NGC 5252
presents a large-scale ionization bi-cone (Tadhunter & Tsve-
tanov 1989) detectable in [OIII] emission line at λ = 5007Å
that extends for R ∼ 20 kpc. Hubble Space Telescope
and Fabry–Pérot spectrograph observations of NGC 5252 by
Morse et al. (1998) revealed different kinematic components,
including an inclined circumnuclear gas disk with a diame-
ter of 3 kpc, suggesting that NGC 5252 underwent a galaxy
merger in its past history. This scenario is supported by
observational evidence of the presence of both a supermas-
sive (main) and an intermediate (accreting) mass black hole
in NGC 5252, both active and emitting in radio (Kim et al.
2015, 2017; Yang et al. 2017). Moreover, recent results pre-
sented by Wang et al. (2024b) show a strong (∼ 20◦) mis-
alignment between the X-ray emission in soft bands (0.3–2.0
keV) and the optical major axis of the galaxy. The case of
NGC 5252 shows that the combination of observational evi-
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dence such as the presence of off-axis morphological compo-
nents and AGN-related features is one strategy to shed light
on the formation pathways of specific galaxies.

Processes related to the environment (i.e., gas evapora-
tion) may only play a significant role in the formation of
intermediate-to-low mass S0 galaxies located in clusters
(Vollmer et al. 2012; Cerulo et al. 2017). However, half of
the S0 galaxies reside in groups or on the field, with very
few cases of isolated S0s (Khim et al. 2015). NGC 5084 is
the main galaxy of its own group, associated with the Virgo
II southern extension of the Virgo cluster (Tully 1982), and
it is one of the most massive lenticular galaxies in the Lo-
cal Universe (Ohlson et al. 2024, more massive than 98% of
the S0 galaxies). Taking into account the multi-wavelength
morphological and spectroscopic evidence analyzed in this
work, NGC 5084 is perhaps one of the most clear cases of an
S0 galaxy assembled through hierarchical accretion.

5. CONCLUSIONS

No single observatory has the capability to unveil the full
picture of galaxy evolution. Multi-messenger studies9 are
the key to detecting the different layers of the galactic struc-
ture and inferring their formation mechanisms, and in under-
standing how the Universe transformed from relatively sim-
ple structures in the early Universe to the current observed
complexity across Cosmic Time (Beckman 2021).

In this work, we have explored a single object, NGC 5084,
a supermassive lenticular galaxy combining observations
obtained with Chandra X-ray observatory (X-ray), Hub-
ble Space Telescope, EVLA, and ALMA, with additional
support from 6dF, APO, and VST/ATLAS observations.
NGC 5084 displays a extended cross-pattern X-ray feature
spanning 17 kpc in the vertical direction, and 22 kpc in the
galactic plane, enclosing a D = 304+10

−11 pc polar circumnu-
clear disk at its center. At R = 4.6 ± 0.6 kpc from the core
in the galactic plane direction, two symmetric radio lobes re-
veal the effects of an AGN in the core of NGC 5084, whose
axis points towards the disk and is aligned with the rotation
axis of the circumnuclear disk. The detection of the CO(2-1)
molecular emission line in the circumnuclear disk allows a
measurement of its rotation velocity (Vrot = 249.1+12.8

−9.6 km

s−1) and the mass of the SMBH at its core (log10
(

MBH

M⊙

)
=

7.66+0.21
−0.15).

The detection of elongated X-ray lobes is insufficient to
single-handedly discriminate between AGN- and starburst-
powered jet outflow as possible origins for the structure, or
to unequivocally exclude other scenarios. Supplemental data
that can be used to search for kinematic signatures of out-
flows and the presence of ionization cones are essential to
favoring or rejecting models. The horizontal (in-plane) com-
ponent of the X-ray emission is aligned with both the rotation

9 The term multi-messenger, as opposed to multi-wavelength includes new
tracers of astrophysical phenomena, such as gravitational waves, not asso-
ciated to the detection of light.

axis of the newly discovered circumnuclear disk and the sym-
metric radio lobes, identified by Irwin et al. (2019) as part of
a radio AGN jet. Taking into account all available obser-
vational evidence consolidated in this paper (see Fig. 8), we
consider three potential hypotheses for the formation of the
observed cross-shaped X-ray emission: (1) it is the remnant
of a re-oriented AGN; (2) it is an outflow generated by an
overpressured cocoon of hot gas powered by the AGN point-
ing into the dense ISM within midplane of the galactic disk;
or (3) it is part of a faded starburst at the core of the galaxy.
Spectroscopic observations on the core of NGC 5084 do not
support the latter scenario, given the lack of spectral evidence
for recent (massive stars) or on-going star formation in the
core. Combining the new observational evidence presented
in this paper with previous analysis based on environment
and morphology (see Sec. 4), we conclude that NGC 5084 is
with high probability the remnant of at least one merger in
the past, which is actively accreting its multiple satellites.

The discovery of NGC 5084 circumnuclear disk and hot
gas cross-shaped emission was based entirely on archival ob-
servations, some obtained almost three decades ago (see Ta-
ble 1), spanning seven orders of magnitude in wavelength
range, and covering physical scales from several pc into the
core to tens of kpc into the halo. This remarkable combi-
nation of observations reflects the importance of one of the
foundational activities that pave the way to transformative
science as recognized by the Decadal Survey on Astronomy
and Astrophysics 2020 (National Academies of Sciences En-
gineering, and Medicine 2021): the support of data archives.
Curated archives are the pillar to future discoveries based on
advanced techniques – some of them tested in the present
work, but most of them yet to be developed – which will
enable the detection of previously unseen phenomena from
both old and new observations.
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Figure 10. NGC 5084 morphological and environment scheme. Top left: Main components at scales from 5 to 20 kpc, including the vertical
and horizontal X-ray emission, its inner stellar disk, and the warped outer disk. Bottom left: NGC 5084 components at 0.1 to 5 kpc scales,
including the symmetric radio lobes, the polar circumnuclear disk, and the supermassive black hole at its center. Right panel: Environment of
NGC 5084. Each circle represents a satellite galaxy around NGC 5084. Original data from Carignan et al. (1997).
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APPENDIX

A. EXTENDED X-RAY EMISSION DETECTION TESTS

In this Appendix we expand on the technical aspects of SAUNAS’s (Borlaff et al. 2024) adaptively smoothed surface brightness
maps (Sec. A.1) for NGC 5084. The quality checks described below provide additional verification of the detection of extended
X-ray emission in NGC 5084, independent of both PSF deconvolution (Sec. A.2) and Voronoi binning (Sec. A.3).

A.1. Signal Detection in Extended Sources

One of the main advantages of SAUNAS’s spatial binning application to the X-ray event maps is the improvement in detectabil-
ity of extended low surface brightness sources. Extended emission sensitivity limits in binned maps are considerably fainter than
the reference point source sensitivity of Chandra/ACIS11 (4 × 10−15 erg cm−2 s−1 in 104 s, at 0.4–6.0 keV). In general, the
sensitivity limit of Chandra/ACIS (flim) at a given signal-to-noise ratio (σ) detection level is a function of photon energy (E),
binning area (A), exposure time (t), and equivalent effective area (M , which has a complex variation with energy, see Fig. 6 in
Evans et al. 2010):

flim [erg cm−2 s−1 arcsec−2] = 1.6 · 10−9 [erg keV−1]× E [keV]σ2

A [arcsec2]M [cm2] t [s]
(A1)

At E = 1 keV and t = 10 ks, the equivalent exposure12 (M t) is approximately 3.8×106 cm2 s1. For a point source detection of
σ = 3, with flux integration over an area associated with the PSF at the center of the ACIS detector (FWHM ∼ 1.1”), Eqn. A1
implies a limiting sensitivity of flim = 4× 10−15 erg cm−2 s−1, equal to the reference instrument point source sensitivity limits.

For extended sources, increased aperture size results in fainter limiting sensitivities. For example, binning on areas of 25”×25”
produces a σ = 3 detection of an extended source with average surface brightness of 5×10−18 erg cm−2 s−1 arcsec−2 (3×10−9

cm−2 s−1 arcsec−2 at E ∼ 0.3 − 2.0 keV). The extended surface brightness limit is substantially dimmer (×1/500) than the
reference point source sensitivity.

The use of large spatial binning is not needed for the brighter regions of emission. Adaptive binning methods such as
CSMOOTH (Ebeling et al. 2006) or Voronoi binning (Cappellari & Copin 2003; Diehl & Statler 2006) take advantage of the
anisotropies of the emission in the detector and bin the low surface brightness regions (typically the outskirts or halos) more
aggressively than for brighter sections of the image (typically the core of the galaxy). These methods, including Voronoi binning
(used by SAUNAS), have been extensively used in the literature to analyze extended low surface brightness emission Chandra and
XMM-Newton observations (see Ebeling et al. 2007; González-Martı́n et al. 2009; Broos et al. 2010; Ebeling et al. 2010; Xue
et al. 2011; Hodges-Kluck & Reynolds 2012; Wang et al. 2024a, and references therein). While Borlaff et al. (2024, SAUNAS
I) provides extensive quality-checks (see Sec. 2.3 in the original paper), we triple-check the results presented in Sec. 3.1 by pre-
senting two additional tests to assess the detection of extended emission around the core of NGC 5084 (see Appendix A.2 and
A.3).

A.2. Detection of X-ray extended emission without PSF deconvolution or Voronoi binning

To test if the significance of the detected extended X-ray emission is independent of the processing methodology applied by
SAUNAS (PSF deconvolution, Voronoi binning), this section applies an alternative methodology widely used in extragalactic X-
ray astronomy to detect extended sources: compare the radial emission profile of the target with that of the PSF of the instrument
(Fabbiano et al. 2017, 2018; Jones et al. 2020; Ma et al. 2020, 2023). If a significant excess flux is detected above those predicted
by the scaled PSF, then extended emission must be present in the source.

We simulate the Chandra/ACIS PSF using the MARX software following the procedure described in the CIAO documentation13.
The PSF takes into account the exact location of the source in the focal plane of ACIS, and the spectral energy distribution of the
source as well. The PSF generation process is also described in steps 4–6 of Sec. 2.2.1 in Borlaff et al. (2024). To ensure that the
PSF profile is well-sampled at high radii (associated with the outskirts of the galaxy, the region of interest), the generated PSF
contains 3 × 106 events generated through multiple ray-tracing simulations (more than two orders of magnitude higher than all
the events registered in the Chandra/ACIS observations of NGC 5084). This approach ensures that any potential excess of source
counts compared with those of the PSF is not a false positive.

10 pyLIRA: https://github.com/astrostat/pylira
11 Chandra/ACIS proposer guide: https://cxc.harvard.edu/proposer/POG/

html/chap6.html
12 CIAO/Chandra exposure maps: https://cxc.cfa.harvard.edu/ciao/threads/

expmap acis single/
13 CIAO/MARX: https://cxc.cfa.harvard.edu/ciao/threads/marx sim/

https://github.com/astrostat/pylira
https://cxc.harvard.edu/proposer/POG/html/chap6.html
https://cxc.harvard.edu/proposer/POG/html/chap6.html
https://cxc.cfa.harvard.edu/ciao/threads/expmap_acis_single/
https://cxc.cfa.harvard.edu/ciao/threads/expmap_acis_single/
https://cxc.cfa.harvard.edu/ciao/threads/marx_sim/
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Figure 11. Detection of the X-ray extended emission around NGC 5084 without PSF deconvolution or adaptive smoothing. Left: Chandra/ACIS
X-ray flux (0.3− 2.0 keV) map rebinned to 12.2× 12.2 arcsec2 (25× 25 pixels) for visualization purposes. No PSF deconvolution or adaptive
smoothing was applied (i.e., Voronoi binning). Yellow contours: [2,3]σ (dotted, dashed respectively) detection limits as estimated by SAUNAS
(see Sec. 3.1, for reference. Right: Surface brightness profile of the non-PSF deconvolved, non-adaptively smoothed flux map (purple circles)
and scaled Chandra/ACIS PSF (blue solid line). Red dashed circle and vertical line: SAUNAS 3σ radial detection limit. Silver solid circle and
vertical line: Surface brightness profile radial detection limit of the non-PSF deconvolved, non-adaptive smoothed flux map. Sky background
subtraction was applied to the flux map and surface brightness profile. We remark that the spatial binning of the flux map in the left panel of
Fig. 11 is only for visualization purposes, and the surface brightness profile was generated based on the full resolution (0.492”) dataset. See
legend for details.

To generate the galaxy profile, all point sources (potentially associated with XRBs or background quasars) are removed similar
to SAUNAS’s approach, with the exception of the core of the galaxy which, given its role as the main contributor to the scattered
light emission, is left intact. Finally, the PSF central surface brightness profile is scaled to the central surface brightness of the
observed galaxy, comparing their radial variation of surface brightness.

The results are shown in Fig. 11. The left panel shows the broadband (0.3−2.0 keV) Chandra/ACIS X-ray flux map as generated
by the CIAO pipeline, demonstrating signs of potential extended emission. No PSF deconvolution or adaptive smoothing was
applied in this image. In the right panel, the surface brightness profile of the broadband X-ray flux is compared to the scaled PSF
of the Chandra/ACIS observations at the position of NGC 5084. The Chandra/ACIS PSF at the observational setup of NGC 5084
has a FWHM of 1.1”.

Compared to the PSF and the background, we detect a >> 3σ excess of X-ray emission up to a radial distance of ∼ 90 arcsec
from the core in the observations of NGC 5084. Between 25-90 arcsec, the PSF scattered light is two orders of magnitude dimmer
than the detected extended emission of NGC 5084. The radial limit of the profile is compatible with the 3σ radial limit of the
emission detected by SAUNAS (see Sec. 3.1).

The test presented in this section demonstrates three important points:

1. The extended emission of NGC 5084 is not caused by PSF contamination from the strong core emission or by a Voronoi
binning artifact.

2. The statistical significance of the extended X-ray emission is independent of the PSF deconvolution and spatial binning
applied.

3. The total extension of NGC 5084’s broad-band emission in the SAUNAS-generated maps is compatible with the 3σ limit
measured using a completely independent methodology (X-ray surface brightness profile limit).
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Bin 25”×25” - PSF deconvolved

Figure 12. Detection of the X-ray extended lobes around NGC 5084 without Voronoi binning. Left: Chandra/ACIS X-ray flux (0.3 − 2.0

keV) map rebinned to 12.2× 12.2 arcsec (25× 25 pixels) for visualization purposes. PSF deconvolution was applied (see Sec. 2, and Borlaff
et al. 2024) Color rectangles: Fixed apertures to measure X-ray emission in the North (blue), West (red), South (green), and East (orange)
lobes. Yellow contours: [2,3]σ (dotted, dashed respectively) detection limits as estimated by SAUNAS (see Sec. 3.1, for reference. Right: Color
coded histograms represent the event probability distributions for the background (grey) and the four lobe apertures. The p-values for the null
hypothesis that the flux distributions in the lobe apertures are compatible with the background are represented in the legend.

A.3. Independent detection of NGC 5084 X-ray lobes without Voronoi binning

In this section we assess the statistical significance of the detection of the four X-ray emission lobes reported in Sec. 3.1, using
the PSF deconvolved observations but without employing Voronoi binning. First, four simple box regions are defined, based on
the contours detected in Sec. 3.1 to isolate the emission from the brighter galactic core. The region parameters are listed in Table 2
and represented in the left panel of Fig. 12 (see legend in the right panel). Second, a Poisson means test (E-test, Krishnamoorthy
& Thomson 2004) evaluates the null hypothesis that the difference between the observed and background emission is statistically
zero. We repeat the test 500 times using Monte Carlo and Bootstrapping simulations in order to obtain the probability distributions
for the surface brightness represented in the right panel of Fig. 12.

The analysis indicates that the surface brightness X-ray emission in the apertures is significantly higher than that of the back-
ground. The null hypothesis that the surface brightness distributions of lobe emission and the background are sampled from
a common parent population is rejected at a p-value of p < 0.05 in all four lobe regions. In other words, this analysis pro-
vides strong statistical support for the existence of the lobe emission: north (p = 6.8 × 10−7), east (p = 1.1 × 10−6), south
(p = 1.3 × 10−4) and west (p ∼ 0.01). The fluxes integrated over the different apertures are tabulated in Table 2. This result
supports and verifies the findings described in Sec. 3.1 and Appendix A.2. We conclude that the extended X-ray emission de-
tected by SAUNAS around NGC 5084 is (1) statistically significant; (2) independent of the PSF deconvolution process; and (3)
independent of the Voronoi binning methodology applied.

B. Chandra X-RAY IMAGES IN SUB-BANDS

Figure 13 shows the X-ray mosaics in the individual bands (soft: 0.3-1.0 keV, medium: 1.0-2.0 keV, hard: 2.0 - 8.0 keV)
processed with SAUNAS I (Borlaff et al. 2024).

C. HUBBLE SPACE TELESCOPE MULTIBAND IMAGING

Figure 14 shows the emission in each individual HST band analyzed in Sec. 3.2, including the F658N - F702W color image.
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690, 20, doi: 10.1088/0004-637X/690/1/20

Shopbell, P. L., & Bland-Hawthorn, J. 1998, ApJ, 493, 129,
doi: 10.1086/305108

Sil’chenko, O. K. 1998, A&A, 330, 412
Smith, M. D., Bureau, M., Davis, T. A., et al. 2021, MNRAS, 500,

1933, doi: 10.1093/mnras/staa3274
Smithsonian Astrophysical Observatory. 2000, SAOImage DS9: A

utility for displaying astronomical images in the X11 window
environment, Astrophysics Source Code Library, record
ascl:0003.002

Springel, V., Di Matteo, T., & Hernquist, L. 2005, MNRAS, 361,
776, doi: 10.1111/j.1365-2966.2005.09238.x

Tadhunter, C., & Tsvetanov, Z. 1989, Nature, 341, 422,
doi: 10.1038/341422a0

Tully, R. B. 1982, ApJ, 257, 389, doi: 10.1086/159999
Urry, C. M., & Padovani, P. 1995, PASP, 107, 803,

doi: 10.1086/133630
van der Marel, R. P., & van den Bosch, F. C. 1998, AJ, 116, 2220,

doi: 10.1086/300593
Vika, M., Driver, S. P., Graham, A. W., & Liske, J. 2009, MNRAS,

400, 1451, doi: 10.1111/j.1365-2966.2009.15544.x
Vollmer, B., Soida, M., Braine, J., et al. 2012, A&A, 537, A143,

doi: 10.1051/0004-6361/201117680
Wang, C., Wang, J., Dadina, M., et al. 2024a, ApJ, 962, 188,

doi: 10.3847/1538-4357/ad18c9
—. 2024b, Deep Chandra Observation of the Remarkable

Ionization Cones of NGC 5252, arXiv:2401.09172,
doi: 10.48550/arXiv.2401.09172

Wang, Y., Lui, F., Shen, Z., et al. 2019, ApJ, 870, 132,
doi: 10.3847/1538-4357/aaf234

Wiegert, T., Irwin, J., Miskolczi, A., et al. 2015, AJ, 150, 81,
doi: 10.1088/0004-6256/150/3/81

Williams, M. J., Bureau, M., & Cappellari, M. 2009, MNRAS,
400, 1665, doi: 10.1111/j.1365-2966.2009.15582.x

Xue, Y. Q., Luo, B., Brandt, W. N., et al. 2011, ApJ, 195, 10,
doi: 10.1088/0067-0049/195/1/10

Yang, X., Yang, J., Paragi, Z., et al. 2017, MNRAS, 464, L70,
doi: 10.1093/mnrasl/slw160

Younger, J. D., Cox, T. J., Seth, A. C., & Hernquist, L. 2007, ApJ,
670, 269, doi: 10.1086/521976

http://doi.org/10.1038/379613a0
http://doi.org/10.1086/306149
http://doi.org/10.1086/500971
http://doi.org/10.1086/307109
http://doi.org/10.3847/1538-4357/abd2ba
http://doi.org/10.17226/26141
http://doi.org/10.1146/annurev-astro-082214-122302
http://doi.org/10.3847/1538-3881/acf7bc
http://doi.org/10.1086/151202
http://doi.org/10.1093/mnras/stx631
http://doi.org/10.1088/0004-637X/806/1/39
http://doi.org/10.1086/173102
http://doi.org/10.1093/mnras/stx2078
http://doi.org/10.1051/0004-6361/201833580
http://doi.org/10.1051/0004-6361/201731804
http://doi.org/10.1093/mnras/stx481
http://doi.org/10.1007/3-540-34621-X_3
http://doi.org/10.1038/s41550-017-0232-z
http://doi.org/10.1093/mnras/stv2223
http://doi.org/10.1088/0004-637X/794/2/156
http://doi.org/10.1088/0004-637X/756/2/163
http://doi.org/10.1093/mnras/stt1606
http://doi.org/10.1086/341211
http://doi.org/10.3847/1538-4357/ab371a
http://doi.org/10.1093/mnras/staa2473
http://doi.org/10.1088/0004-637X/690/1/20
http://doi.org/10.1086/305108
http://doi.org/10.1093/mnras/staa3274
http://doi.org/10.1111/j.1365-2966.2005.09238.x
http://doi.org/10.1038/341422a0
http://doi.org/10.1086/159999
http://doi.org/10.1086/133630
http://doi.org/10.1086/300593
http://doi.org/10.1111/j.1365-2966.2009.15544.x
http://doi.org/10.1051/0004-6361/201117680
http://doi.org/10.3847/1538-4357/ad18c9
http://doi.org/10.48550/arXiv.2401.09172
http://doi.org/10.3847/1538-4357/aaf234
http://doi.org/10.1088/0004-6256/150/3/81
http://doi.org/10.1111/j.1365-2966.2009.15582.x
http://doi.org/10.1088/0067-0049/195/1/10
http://doi.org/10.1093/mnrasl/slw160
http://doi.org/10.1086/521976


26

Yu, Q. 2002, MNRAS, 331, 935,
doi: 10.1046/j.1365-8711.2002.05242.x

Zaw, I., Chen, Y.-P., & Farrar, G. R. 2019, ApJ, 872, 134,
doi: 10.3847/1538-4357/aaffaf

Zeilinger, W. W., Galletta, G., & Madsen, C. 1990, MNRAS, 246,
324

Zheng, Y., Wang, J., Irwin, J., et al. 2022, AB, 22, 085004,

doi: 10.1088/1674-4527/ac7389
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